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Introduction
Macrocycles containing aromatic or heterocyclic units within the macrocyclic core draw an increasing attention for the last few decades.
[1] The aromatic units, being rigid building blocks, allow the design and synthesis of molecular cavities with defined spatial characteristics, and also serve as binding sites for hosts capable of interacting with their π-electron systems.
[1b-d] On the other side heterocyclic rings are also of special interest for the construction of cyclophane-type molecules [2] because the presence of donor heteroatoms provides means for the incorporation of a binding site for transition metals within the macrocyclic structure. Macrocycles formed both by the aromatic and the heterocyclic units with three-coordinated phosphorus atoms as donors [3] are able to provide a variety of the donoracceptor and the non-valent interactions so they are of interest both for supramolecular chemistry (in particular as selective sensors [4] ) and as unusual ligands for transition metal catalyzed reactions in organic synthesis, [5] as the geometry and well-defined position of the complexing donor centers could lead to specific catalytically active complexes.
[6] However, the chemistry of cyclophane ligands containing phosphine groups as donor centers within the macrocyclic skeleton is less developed than that of their oxygen or nitrogen analogues. [3] This fact has been mainly attributed to the air sensitivity of these compounds and the poor yields obtained in their preparations by high-dilution [3, 7] or template methods, [3] although the high-yield synthesis of a few types of phosphamacrocycles has been reported. [3, 8] To the best of our knowledge there are no examples of P-containg cyclophanes with chiral intramolecular cavity. But we are sure that if P-containing cyclophanes, especially chiral, with a unique shape, distinct architecture, and set of functional groups become easily available from natural or synthetic sources, they would start to inspire the imagination of supramolecular chemists to devise and synthesize novel sophisticated receptors, machines, and devices, [1] [2] [3] 6, 8] as well as new types of molecular reactors. [9] Recently, a highly effective self-assembly process giving macrocyclic tetraphosphines with a relatively large hydrophobic prismatic or helical twisted cavities by condensation of the three-component system diamine/ formaldehyde/phosphine was discovered.
[10] In the present work diamines possessing inherent chirality, namely N-alkyl-2,6-diamino-9,10-dihydro-9,10-ethanoanthracenecis-11,12-dicarboximide 2-4, [11] were used as spatially divided diamine component of the self-assembling system to prepare a novel type of P,N-containing cyclophanes with chiral intramolecular cavity.
Experimental
General 1 H NMR spectra (Bruker Avance-600, 30ºC, 600.00 MHz; BrukerAvance-DRX 400, 162 MHz; standard): Me 4 Si.
31
P NMR spectra (Bruker Avance-600, 242.937 MHz; BrukerAvance-DRX 400, 162 MHz; CXP-100, 36.47 MHz; standard): external 85% H 3 PO 4 . IR-spectra were obtained on Vector-22 (Bruker) in the range 400-4000 cm -1 in nujol mulls. ESI pos mass-spectra were obtained on Esquire3000 plus mass-spectrometer. The melting points were determined on a Boetius apparatus and are uncorrected.
Phenylphosphine, [12] 2,6-diaminoanthracene (1) [11] and N-methyl-2,6-diamino-9,10-dihydro-9,10-ethanoanthracenecis-11,12-dicarboximide (2) [11] were obtained according to the described methods. All manipulations were carried out by standard high-vacuum and dry-nitrogen techniques in dry degassed solvents which were purified by standard methods. DOI: 10.6060/mhc2011.4.08 dihydro-9,10-ethanoanthracena]cyclotetraphane (5). A mixture of phenylphosphine [12] (0.97 g, 8.81 mmol) and paraformaldehyde (0.53 g, 17.66 mmol) was heated to 110°C up to the homogenization, then the reaction mixture was dissolved in DMF (5 ml) and a solution of 2 (1.43 g, 4.4 mmol) in DMF (17 ml) was added under stirring. The reaction mixture was stirred at 110 0 С for 3 days and cooled. The resulting white crystals were collected by filtration, washed with DMF and acetonitrile and dried in vacuo. According to the data of 1 Н, 31 Р NMR and mass-spectra the crystalline product was an 1:1 mixture of 1 [11,12-( , [11,12-( The obtained equimolar mixture of 5а and 5b (0.1 g) was recrystallized from DMF (6 ml). The resulting crystals of 5a of 90 % purity were collected by filtration, washed with DMF and acetonitrile and dried in vacuo. Yield 0.03 g, m.p. > 270°C.
Spectral data for 5a: The filtrate of the reaction mixture was concentrated in vacuo up to ½ of the initial volume and allowed to stand at -10 0 С. The resulting powder was collected by filtration, washed with DMF and acetonitrile and dried in vacuo. According to 1 Н and
Р spectra these mictocrystals were the 1:2 mixture of 5а and 5b. Yield 0.10 g. Combined yield of 5а and 5b was 1.31 g, 51 %.
Spectral data for 5b: [11,12-( cis-Npropyldicarboximido)-9,10-dihydro-9,10-ethanoanthracena] cyclotetraphane (7) . The reaction of phenylphosphine (0.67 g, 6.09 mmol), paraformaldehyde (0.36 g, 12.18 mmol) and 4 (1.05 g, 3.02 mmol) was performed like the analogous reaction with 2. The hot reaction mixture was filtered off the unidentified dark residue, cooled and concentrated in vacuo up to 1/3 of the inintial volume. After the standing at -15 0 С overnight the crystalline precipitate was formed, which was collected by filtration, washed with cold DMF and acetonitrile and dried in vacuo. According to 1 Н and 31 Р spectra the crude product (0.21 g) was practically individual 1 3 [11,12-(cis-N-propyldicarboximido 
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X-Ray Crystallography
Single crystals of 5a were grown from DMSO, and measured on a Nonius KappaCCD sealed tube diffractometer with graphitemonochromated Mo K α radiation. Programs used: data collection COLLECT, [13] cell refinement with Dirax/lsq, [14] data reduction with EvalCCD. [15] Multi-scan empirical absorption corrections using SADABS, [16] structure solution with <SIR2004>, [17] structure refinement against F 2 using SHELXL-97. [18] Crystallographic data (excluding structure factors) for the structure reported in this paper has been deposited with the Cambridge Crystallographic Data Centre as a supplementary publication no. 
Results and Discussion
Starting diamine 1 was obtained via reduction of corresponding commercially available 2,6-diaminoanthraquinone by zinc powder. [11] Further Diels-Alder reaction of 1 with N-alkylmaleimides led to the racemic mixtures of the corresponding diamines 2-4 [11] (Scheme 1).
Scheme 1.
To the best of our knowledge N-alkyl-2,6-diamino-9,10-dihydro-9,10-ethanoantracene-cis-11,12-dicarboximides 3-4 are new organic compounds and diamines of that type have never been used for cyclophane design before, though 11,12-disubstituted 2,6-dioxy-9,10-dihydro-9,10-ethenoanthracenes were key starting reagents for the synthesis of chiral cyclophanes which showed the strong binding properties toward organic ammonium salts.
[19]
Diamines 2-4 possess inherent chirality due to the asymmetric disposition of amino groups relative to bicyclic framework and had been obtained as racemic mixtures of enantiomers. The attempts to separate pure enathiomers via diastereomeric salt formation with D-tartaric or (1S)-(+)-10-camphorsulfonic acid have been unsuccessful yet. Spatial arrangement of amino groups resembles that of diamines (4,4'-diaminodiphenylmethane, 4,4'-thiodianiline and bis(4-aminophenyl)sulfone) previously exploited for the efficient self-assembly of P,N-containing cyclophanes. [10a] Macrocyclization was performed according recently developed procedure of covalent self-assembly in the course of Mannich-type condensation.
[10] Two equivalents of formaldehyde were heated with one equivalent of phenylphosphine, and the resulting transparent mixture was dissolved in DMF. Then one equivalent of N-alkyl-2,6-diamino-9,10-dihydro-9,10-ethanoanthracene-cis-11,12-dicarboximides 2-4 was added and the reaction mixtures were stirred at 80 -110 °C for 3 days (Scheme 2), the starting phosphine concentrations being 0.2-0.4 M. According to the NMR monitoring data of the reaction mixtures the products with 1,5-diaza-3,7-diphosphacyclooctane fragments incorporated into the macrocyclic frameworks were predominant after 3 days of reactions. The appearance of a number of signals with chemical shifts in the narrow region -55 ÷ -57 ppm in 31 P NMR spectra was explained by the formation of the products of homo-and heterochiral [2+2] macrocyclization (corresponding rac-and meso-isomers) with head-to-tail and probably head-to-head orientations of bicyclic fragments and the inequivalence of phosphorus atoms forming chiral intramolecular cavity (Figure 1) . The white crystals of cyclophanes 5-7 were isolated in moderate yields (51 %, 7 % and 14 %, respectively) (Scheme 2) as the adducts with few DMF molecules according to 1 H NMR spectra. The solvent was removed by washing of the crude crystalline products with acetonitrile.
Cyclophane 5 was obtained as a mixture of two isomers according to NMR data. The crude crystalline product was recristallized from DMF to give one isomer 5a of 90 % purity in moderate yield (17 %). Two other macrocycles 6a and 7a were crystallized from the reaction mixtures as practically individual stereoisomers though in the case of the macrocycle 7 the reaction mixture's filtrate was enriched by the second isomer 7b.
Macrocycles are restrictedly soluble in DMF and DMSO like 1,5(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-2,4, 6,8(1,4)-tetrabenzenacyclooctaphanes described earlier. [10a] Taking into account two possible ways of mutual coupling of diamine fragments into the [2+2]-macrocycles two principial types of cyclophanes could be formed (Table 1) . The first type with slightly twisted cyclophane framework is possible for homochiral rac-isomers with head-to-tail and head-to-head orientations of phane fragments. According to quantum-chemical calculations for cyclophane 5 by "Priroda" method [20] their optimized structures (Table 1 , entries 1 and 2) differ only by the directions of exocyclic imido groups and show the dihedral angles of about 30.7-30.8° between PP-axes of two eightmembered fragments. The second type with untwisted framework and near rhombohedral cavities is possible for both heterochiral meso-isomers with head-to-tail and headto-head orientation of the phane fragments (Table 1 , entries 3 and 4). In these cases the PP-axes of the heterocyclic fragments of the optimized calculated structures are parallel and the only difference between these meso-isomers would be also the directions of imido groups. According to quantum-chemical calculations of the full energies E 0 the rac-head-to-head isomer is the most stable one, but ∆E 0 for the rac-head-to-tail isomer is only 0.1364 kJ⋅mol -1 (0.0326 kkal⋅mol -1 ), whereas for meso-head-to-tail and meso-headto-head isomers ∆E 0 are 15.3145 kJ⋅mol -1 (3.660 kkal⋅mol -1 ) and 16.1074 kJ⋅mol -1 (3.849 kkal⋅mol -1 ). So there are no noticeable energy gaps between all four possible isomers of the cyclophane 5.
Scheme 2.
In contrast to the previously described 31 P NMR spectra of P,N-containing cyclophanes [10] the signals of the less soluble isomers 5a-7a represent two doublets due to the inequivalence of two pairs of phosphorus atoms incorporated into the chiral macrocyclic framework. The 31 P NMR chemical shifts of 5a-7a (δ P -55.60 and -56.31 ppm (J PP = 6.6 Hz) (5a); -55.95 and -56.62 ppm (J PP = 6.7 Hz) (6a); -55.60 and -55.94 ppm (J PP = 6.6 Hz) (7a)) are similar to those of previously described 3,7-diphenyl-l,5-diaza-3,7-diphosphacyclooctanes [21] and macrocycles with analogous heterocyclic fragments. [10a,b] Inequivalence of P-atoms has been described recently for P,N-corands containing exocyclic chiral sustuents on nitrogens, [22] however coupling constant J PP in the cyclic -PCH 2 NCH 2 P-fragments to the best of our knowledge is observed for the first time.
The 1 H NMR spectra of 5a-7a show the inequivalence of all methylene groups of the diazadiphosphacyclooctane fragments. The one set of signals for two equivalent phane fragments confirms that 5a-7a are single isomers; six aromatic protons of these fragments are mutually inequivalent like the corresponding protons of starting chiral diamines 2-4. The observed spectral picture can be explained by the total asymmetry of macrocyclic molecules. The X-ray study of the single crystal of 5a (see below) showed that it was rac-headto-tail isomer. 6a and 7a were also analogous rac-head-totail isomers according to the similarity of their NMR spectra with the spectra of 5a.
The concentration of the filtrates of the corresponding reaction mixtures gave the fractions enriched by more soluble isomers 5b and 7b (in the case of the macrocycle 6 this attempt was unsuccessful). In both cases their 31 P NMR spectra showed two singlets at δ P -55.96, -56.24 ppm (5b) and at δ P -55.77, -55.83 ppm (7b). The 1 H NMR spectra of 5b and 7b were also similar and showed the presence of four inequivalent methylene groups of the diazadiphosphacyclooctane fragments and one set of the signals for two chiral phane fragments which confirmed that both signals in 31 P NMR spectra correspond to the single isomer. However the spectral data do not allow to make a choice between three possible structures with asymmetrical heterocyclic fragments and close energies (Table 1) . It should be mentioned, that the spectra of the reaction mixtures did not show the signals of the diazadiphosphacyclooctanecontaining products (in the range -50 ÷ -60 ppm) other than isolated isomers a (rac-head-to-tail) and these more soluble P,N-Containing Cyclophane with a Chiral Hydrophobic Cavity isomers b, so only two isomers from four possible ones are formed as a result of the macrocyclization. It demonstrates the stereoselectivity of the covalent self-assembly processes. Crystals of 5a suitable for X-ray analysis were obtained by slow recrystallization from DMSO. The unit cell contains the macrocycle 1 (Figure 1 ), seven disordered DMSO molecules and one water molecule. The X-ray analysis data showed that 5a was a racemate of homochiral macrocycle with phane fragments linked in "head-to-tail" mode with the opposite mutual direction of the exocyclic dicarboximide groups. The molecule of 5а is asymmetric and slightly twisted. Unlike the previously described 1,5(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-2,4,6,8(1,4)-tetrabenzenacyclooctaphanes [10a] nitrogen atoms are not located in the same plane and the dihedral angle N1N2N3N4 is 27.49º, whereas the angle between phosphorus-phosphorus axes of two heterocyclic fragments is 28.16º. The aromatic rings which form the cavity walls are practically orthogonal to the calculated medium plane of four nitrogen atoms (the dihedral angles are 79.84 -83.01º) so the cavity is relatively deep. Nitrogen atoms are coordinated in near trigonal-planar fashion (the sums of their bond angles are 357.2 -360º) due to the conjugation of their electron lone pairs with the π-systems of the aromatic rings. Both eight-membered fragments adopt chair-chair conformations. The slightly different positions of their exocyclic phenyl substituents are probably determined by the solvate DMSO molecules. The diagonal Р1-Р4 and Р2-Р3 distances are 9.72 и 9.64 Å respectively and are close to the corresponding distances of 1,5(1,5)-di(1,5-diaza-3,7-diphosphacyclooctana)-2,4,6, 8(1,4)-tetrabenzenacyclooctaphanes (about 9.4 Å [10a] ), but the distances between opposite phenylene rings are less (7.25 -7.45 Å vs. 8.8 Å [10a] ). The free volume of the cavity is about 80 Å
3
. The single crystal of 5a is a true racemic mixture of both enantiomers.
The methyl group of one DMSO molecule penetrates the macrocyclic cavity like the previously described DMF solvates of P,N-containing cyclophanes. [10a,b] The solvate complex with DMSO is not very stable and prolonged washing with acetonitrile gives solvent-free microcrystalline cyclophane 5a.
In summary, a novel type of heterocyclophanes with chiral intramolecular cavities which are also potential bischelating ligands for transition metals has been obtained.
Conclusions
The condensations of bis(hydroxymethyl)phenylphosphine with racemic diamines containing chiral N-alkyl-cis-11,12-dicarboximido-9,10-dihydro-9,10-ethanoanthracene-2,6-diyl spacers proceed as the covalent self-assembly to give two isomers of corresponding [2+2]-macrocycles as the main products. The products of homochiral condensation, namely racemic head-to-tail isomers of these cyclophanes, have been isolated and the structure of their N-methyl substituted representative has been studied by the X-ray analysis which has showed the slightly twisted structure of the cyclophane molecule with chiral hydrophobic cavity. These results indicate that the use of enantiopure diamines with similar 9,10-dihydro-9,10-ethanoanthracene-2,6-diyl spacers in analogous condensations may be considered as a perspective approach to the synthesis of optically active P,Ncontaining cyclophanes, which are of interest for the design of stereoselective catalysts, molecular recognition systems and molecular reactors. 
